During development or under stress, chloroplasts generate signals that regulate the expression of a large number of nuclear genes, a process called retrograde signaling. GENOMES UNCOUPLED 1 (GUN1) is an important regulator of this pathway. In this study, we have discovered an unexpected role for GUN1 in plastid RNA editing, as gun1 mutations affect RNA-editing efficiency at multiple sites in plastids during retrograde signaling. GUN1 plays a direct role in RNA editing by physically interacting with MULTIPLE ORGANELLAR RNA EDITING FACTOR 2 (MORF2). MORF2 overexpression causes widespread RNA-editing changes and a strong genomes uncoupled (gun) molecular phenotype similar to gun1. MORF2 further interacts with RNA-editing site-specificity factors: ORGANELLE TRANSCRIPT PROCESSING 81 (OTP81), ORGANELLE TRANSCRIPT PROCESSING 84 (OTP84), and YELLOW SEEDLINGS 1 (YS1). We further show that otp81, otp84, and ys1 single mutants each exhibit a very weak gun phenotype, but combining the three mutations enhances the phenotype. Our study uncovers a role for GUN1 in the regulation of RNA-editing efficiency in damaged chloroplasts and suggests that MORF2 is involved in retrograde signaling.
During development or under stress, chloroplasts generate signals that regulate the expression of a large number of nuclear genes, a process called retrograde signaling. GENOMES UNCOUPLED 1 (GUN1) is an important regulator of this pathway. In this study, we have discovered an unexpected role for GUN1 in plastid RNA editing, as gun1 mutations affect RNA-editing efficiency at multiple sites in plastids during retrograde signaling. GUN1 plays a direct role in RNA editing by physically interacting with MULTIPLE ORGANELLAR RNA EDITING FACTOR 2 (MORF2). MORF2 overexpression causes widespread RNA-editing changes and a strong genomes uncoupled (gun) molecular phenotype similar to gun1. MORF2 further interacts with RNA-editing site-specificity factors: ORGANELLE TRANSCRIPT PROCESSING 81 (OTP81), ORGANELLE TRANSCRIPT PROCESSING 84 (OTP84), and YELLOW SEEDLINGS 1 (YS1). We further show that otp81, otp84, and ys1 single mutants each exhibit a very weak gun phenotype, but combining the three mutations enhances the phenotype. Our study uncovers a role for GUN1 in the regulation of RNA-editing efficiency in damaged chloroplasts and suggests that MORF2 is involved in retrograde signaling.
GUN1 | retrograde signaling | RNA editing | MORF2/RIP2 | PPR P lant cells coordinately regulate the expression of nuclear and chloroplast genes that encode components of the photosynthetic apparatus. Nuclear genes that regulate chloroplast development and chloroplast gene expression provide part of this control, but information also flows in the opposite direction-from chloroplasts to the nucleus-to regulate nuclear gene expression, a process called retrograde signaling (1) (2) (3) (4) . Chloroplast-to-nucleus retrograde signaling is essential for optimizing the photoautotrophic lifestyle of plants (1) (2) (3) (4) . Previously, we performed genetic screens using the bleaching herbicide norflurazon (NF) and identified mutations in six gun (for genomes uncoupled) loci that retained nuclear gene expression after chloroplasts were damaged. GUN2, -3, -4, -5, and -6 are enzymes involved in tetrapyrrole biosynthesis or metabolism (5) (6) (7) (8) (9) . In contrast, GUN1 encodes a chloroplast-localized P-type pentatricopeptide repeat (PPR) protein with a C-terminal small MutS-related domain (1) . Typical PPR proteins are targeted to chloroplasts or mitochondria, bind organellar transcripts, and influence their expression by altering RNA sequence, turnover, processing, or translation (10) . Unlike other PPR proteins, however, GUN1 does not appear to bind RNAs (11) . GUN1 plays a role in multiple stress-related retrograde signaling pathways, but despite numerous studies (11) (12) (13) (14) (15) ), GUN1's precise function in retrograde signaling remains a mystery.
In NF-treated seedlings, nuclear genes for chloroplast-destined proteins are repressed by signaling through an active intracellular retrograde signaling pathway (2, 5) . Previous studies showed that, in addition to reprogramming nuclear gene expression, NF treatment also affected RNA editing in plastids (16, 17) . RNA editing is a posttranscriptional modification of RNA that changes the identity of nucleotides in RNAs or that adds or deletes nucleotides so that the information in the mature RNA differs from that defined in the genome (18) . In flowering plants, through RNA editing, cytidines (Cs) are converted to uridines (Us) in chloroplast and mitochondria RNAs. There are 20-60 RNA-editing sites in chloroplasts and 300 to >600 sites in mitochondria of most flowering plants (18) (19) (20) (21) . RNA editing in organelles is essential for plant growth and development (22, 23 ). The precise composition of the vascular plant RNA-editing complex is not definitively known, but it consists of a small RNA/protein complex (23) . For example, the proteins that dictate binding specificity in chloroplasts are mainly PLS-type PPRs (10, 18, (23) (24) (25) (26) (28, 29) , ORGANELLE ZINC-FINGER proteins (30) , and PROTOPORPHYRINOGEN OXIDASE 1 (PPO1) (31) have been identified as components of the plant RNA editosome (23) .
Here we show that GUN1 interacts with MORF2/RIP2 (herein only the name MORF2 will be used) to affect the efficiency of editing for multiple sites in plastid RNAs during retrograde signaling. MORF2 overexpression causes widespread plastid RNA-editing changes and regulates nuclear gene expression similarly as the gun1 mutant in retrograde signaling. MORF2 further interacts with PLS-type PPR proteins: OTP81 [also called QUINTUPLE EDITING 1 (QED1)] (24, 32), OTP84 (24) , and YS1 (33) . Loss of function of OTP81/QED1 (herein only the name of OTP81 will be used), OTP84, and YS1 also could disrupt retrograde signaling. Our study reveals a distinct role for GUN1 in modulating RNA-editing efficiency in damaged chloroplasts and suggests that MORF2 plays a role in retrograde signaling.
Results

Loss of GUN1 Affects the Editing Levels of Multiple Plastid RNAs
During Retrograde Signaling. To investigate the possible link between plastid RNA editing and retrograde signaling, we compared
Significance
Retrograde signaling and posttranscriptional RNA editing are important regulatory processes for chloroplast development and function in flowering plants. GUN1 is a central integrator of chloroplast retrograde signaling pathways. This study reveals an unexpected role of GUN1 in affecting plastid RNAediting efficiency during retrograde signaling through interactions with MORF2 and demonstrates a potential role for MORF2 in retrograde signaling. In addition to increasing our knowledge of the regulation of plant organellar RNA editing under stress conditions, this research uncovers a possible link between retrograde signaling and plastid RNA editing.
editing levels of 34 validated plastid RNA-editing sites (34) between NF-treated and untreated Arabidopsis wild-type Col6-3 seedlings. Col6-3 is a transgenic line from Col-0 carrying a luciferase reporter under the control of the LHCB1.2 promoter and is the wild-type background of gun1 mutants (1) . We found that in NF-treated wild-type seedlings, editing levels of 21 sites were affected, and 18 sites had lower editing levels, whereas the atpF-92, rpoC1-488, and rps12-i-58 sites had higher levels compared with untreated seedlings (SI Appendix, Fig. S1A ). We further analyzed RNA-editing efficiency differences between wild type and two gun1 null mutant alleles, gun1-9 and gun1-8 (1). The result showed that in NF-treated gun1 mutants, RNA editing levels were increased for clpP-559, ndhB-467/836, ndhD-878, and rps12-i-58 and decreased for rpoC1-488, ndhF-290, psbZ-50, and rpoB-338/551/2432 compared with wild type (Fig. 1 A and B and SI Appendix, Fig. S1B ). gun1 mutants also display retained nuclear gene expression when treated with the chloroplast translation inhibitor lincomycin (Linc) (1). We examined RNA-editing levels in Linc-treated seedlings and found that 15 sites had lower editing levels, whereas rps12-i-58 and ndhD-887 had higher editing levels in gun1-9 compared with wild type (SI Appendix, Fig. S2A ). RNA-editing efficiency changes at the rps12-i-58, rpoC1-488, psbZ-50, and rpoB-551 sites had similar trends in NF-and Linc-treated gun1-9 mutants. Meanwhile, RNA editing in untreated seedlings exhibited only minor differences between wild type and gun1-9 (SI Appendix, Fig. S2B ). A recent study showed that GUN1 is a short-lived protein and accumulates to detectable levels only under stress that involves retrograde signaling or during chloroplast biogenesis (15) . This may explain the different effects of GUN1 on plastid RNA editing with or without NF/Linc treatment, as GUN1 protein is rapidly turned over under normal growth conditions. Therefore, our results suggest that GUN1 widely regulates the efficiency of plastid RNA editing, particularly during retrograde signaling. To determine whether GUN1 plays a direct or indirect role in RNA editing, we carried out a yeast two-hybrid assay and found that GUN1 interacted strongly with MORF2 (SI Appendix, Fig. S3A ). MORF2 is an essential component of the RNA editosome and is required for editing at almost all sites in plastid RNAs (22) . Interactions between GUN1 and MORF2 were detected in plant cells using either bimolecular fluorescence complementation (BiFC) (Fig. 1C) or firefly luciferase complementation imaging (LCI) assays (SI Appendix, Fig. S3B ). For BiFC, coexpression of GUN1 fused to the C-terminal of YFP (cYFP) and MORF2 fused to the N-terminal of YFP (nYFP) reconstituted YFP fluorescence in chloroplasts. As negative controls, we first confirmed that the transit peptide of chloroplast-localized OTP81 (24) could target YFP to chloroplasts (SI Appendix, Fig. S3C ). Then, GUN1-cYFP or MORF2-nYFP was coexpressed with chloroplast-localized nYFP or cYFP, respectively, and no YFP signals were observed (Fig. 1C) . For LCI, coexpression of GUN1-cLUC (C-terminal luciferase fusion) and MORF2-nLUC (N-terminal luciferase fusion) led to high levels of luciferase activity, whereas negative controls showed low or no luciferase activity (SI Appendix, Fig. S3B ).
We next generated several lines overexpressing MORF2 (MORF2OX) fused with 3×HA-3×FLAG tags in the wild-type Col6-3 background. We picked two lines: a strong overexpressor [MORF2OX(s)] with strong phenotypes and a relatively weaker overexpressor [MORF2OX(w)] (SI Appendix, Fig. S4 A and B) with weak phenotypes (see results below). Then we generated plants coexpressing GUN1-GFP and MORF2-3×HA-3×FLAG and performed coimmunoprecipitation of MORF2 using extracts from NF-treated seedlings followed by mass spectrometric analysis. FLAG antibodies were able to precipitate GUN1 from plants co-overexpressing GUN1-GFP and MORF2-3×HA-3×FLAG (SI Appendix, Fig. S3D ), further validating the interaction between GUN1 and MORF2. However, FLAG antibodies could not precipitate native GUN1 from MORF2OX(s) plants, which might be caused by low abundance of native GUN1 (15) even in NF-treated seedlings. Together with the observation that RNA editing is abnormal in gun1 mutants, these data suggest that the interaction between GUN1 and MORF2 may regulate the editing efficiency of multiple sites within plastid RNAs during times of stress.
MORF2 Overexpression Changes the Efficiency of Plastid RNA Editing at Multiple Sites and Confers a Phenotype Similar to gun1 During Retrograde Signaling. We then wanted to know if morf2 mutants or lines overexpressing MORF2 had phenotypes that resembled gun1 mutants, which would implicate a role for MORF2 in retrograde signaling. In wild type, NF treatment represses the expression of nuclear genes that encode chloroplast-destined proteins, whereas, in gun mutants, expression levels of these genes are higher than in the wild type (SI Appendix, Fig. S5A ). This molecular phenotype has been defined as the gun phenotype (1, 5) . Under normal conditions, morf2 homozygous plants (propagated through heterozygotes and with serious segregation distortion) are pale and die as seedlings (22) . Previous studies either used morf2 homozygous plants segregated from heterozygotes (22) The results showed that RNA levels for all marker genes were relatively higher in MORF2OX lines than in the wild type, while the expression of the negative control gene was not affected (Fig. 2A) . MORF2OX(w) had a smaller effect on marker genes expression than MORF2OX(s) (Fig. 2A) . Based on the above gun phenotype criteria, both MORF2OX(s) and MORF2OX(w) have a gun phenotype under NF treatment, with MORF2OX(s) being a stronger allele than MORF2OX(w). On the other hand, Linc-treated MORF2OX(s) seedlings had lower expression levels of retrograde signaling marker genes compared with wild type (SI Appendix, Fig. S5B ), which suggested that the gun phenotype of MORF2OX lines was specific to NF treatment.
These results indicate that MORF2 may be involved in an NFrelated retrograde signaling pathway that is different from the Linc-related pathway. When grown in the absence of NF, gun1-9 mutants resembled wild type ( Fig. 2 B and C) , possibly reflecting the limited role of GUN1 in most stages of plant development. In contrast, MORF2OX(s) plants were smaller than the wild type with pale green cotyledons at the seedling stage (Fig. 2B) . At later stages of development, MORF2OX(s) plants had smaller and variegated leaves (Fig. 2C) . MORF2OX(w) seedlings had variegated but not pale cotyledons (Fig. 2B ). Mature MORF2OX(w) plants had normal rosette leaves and less variegation on cauline leaves (Fig. 2C) . These results also suggest that MORF2 has a wider role in chloroplast development than GUN1. Considering MORF2's role in the RNA editosome, we analyzed the RNA-editing profile of MORF2OX(s). morf2 homozygous plants were reported to have dramatically lower levels of editing at most editing sites in plastids (22) Fig. S6A ). This may be an explanation for the wider role of MORF2 in chloroplast development than GUN1. NF-treated MORF2OX(s) seedlings had decreased editing levels at 28 sites (Fig. 2D and SI Appendix, Fig.  S6B ), including all sites affected by gun1 mutations, except clpP-559. At those 28 sites, editing levels of rpoC1-488, ndhF-290, psbZ-50, and rpoB-338/551/2432 sites decreased in both MORF2OX(s) and gun1-9 (Fig. 2D) .
MORF2OX
Regulates Nuclear Gene Expression Similarly to gun1-9
During Retrograde Signaling. To identify a comprehensive set of genes under the control of an NF-generated signal, and to investigate the involvement of MORF2 in the GUN1-dependent retrograde signaling pathway, we performed RNA sequencing on NF-treated Col6-3, gun1-9, and MORF2OX seedlings. We identified 7,461 NF-regulated genes in Col6-3 compared with no treatment (Fig. 3A and Dataset S1A). In NF-treated seedlings, there were 3,398 differentially expressed genes (DEGs) in gun1-9, of which 2,227 were NF-regulated (Fig. 3A and Dataset S1B). Among these, expressions of 1,202 genes were repressed in wild type after NF treatment but were higher in gun1-9 than in the wild type ( Fig. 3B and Dataset S2A). The expression pattern of these genes was consistent with the definition of the gun phenotype. Moreover, for another 561 genes, expressions were upregulated in wild type after NF treatment but were lower in gun1-9 than in the wild type. These 561 genes had opposite directions of regulation between gun1-9 and wild type ( Fig. 3C and Dataset S2A), which could also reflect retrograde signaling. Thus, we designated these total of 1,763 genes ( Fig. 3D and Dataset S2A) as GUN1-dependent retrograde signaling genes.
We identified 1976 DEGs in MORF2OX(s) seedlings under NF treatment (Fig. 3A and Dataset S1C), 866 of which had opposite directions of regulation between MORF2OX(s) and wild type. The expressions of 560 genes were repressed in wild type after NF treatment but were higher in MORF2OX(s) than in the wild type (Fig. 3B) . For another 306 genes, RNAs accumulated to high levels in wild type after NF treatment, but were 
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Relative expression ) at 22°C for 5 d. The x axis indicates different samples. The y axis shows the relative expression level, and expressions in Col6-3 are set to 1. The PPI2 gene is the negative control. Data are mean ± SEM (three biological replicates). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant, two-tailed Student's t test. (B) Phenotype of MORF2OX seedlings grown on normal medium under long-day (LD) conditions (16 h light/8 h dark, 22°C) for 14 d. (Scale bar, 0.5 cm.) (C) The leaf phenotype of 5-wk MORF2OX plants grown in soil under LD. The leaves are the rosette leaf, the first and the second cauline leaf from left to right, respectively. (Scale bar, 1 cm.) (D) The RNA-editing profile overlap between NF-treated MORF2OX(s) and gun1-9 seedlings. The x axis indicates the editing sites. The y axis shows the editing levels. Data are mean ± SEM (three biological replicates). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant, two-tailed Student's t test.
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lower in MORF2OX(s) than in the wild type (Fig. 3C) . Of the 866 genes, 665 were GUN1-dependent retrograde signaling genes (665 of 1,763, or 37.7%), which were designated as MORF2/ GUN1-overlapping retrograde signaling genes. Compared with gun1-9, most of the MORF2/GUN1-overlapping retrograde signaling genes (Fig. 3E) , including many nuclear-encoded photosynthesis genes (Fig. 3F and Dataset S2B) and retrograde signaling marker genes (SI Appendix, Fig. S7A ), had similar regulation patterns but a lower fold-change in MORF2OX(s). From the transcriptome data, we concluded that MORF2OX(s) had a strong gun phenotype, although its gun phenotype was weaker than that seen in gun1-9. However, as several overlapping editing sites had lower editing levels in MORF2OX(s) compared with in gun1-9, it appeared that there was no simple correlation between RNA-editing levels and the strength of gun phenotypes. MORF2OX(w) had only 761 DEGs (SI Appendix, Fig. S7B and Dataset S1D), most of which (656 of 761, or 86%) overlapped with MORF2OX(s) (SI Appendix, Fig. S7B ). A total of 217 DEGs of MORF2OX(w) were in the category of MORF2/GUN1-overlapping retrograde genes (SI Appendix, Fig. S7C ). These 217 genes (including all of retrograde signaling marker genes) in MORF2OX(w) had similar expression patterns but a smaller fold-change compared with gun1-9 and MORF2OX(s) (SI Appendix, Fig. S7 A and D) . This confirmed that MORF2OX(w) had an even weaker gun phenotype than MORF2OX(s). The top 50 gene ontology terms enriched in GUN1-dependent or MORF2/ GUN1-overlapping retrograde signaling genes were similar. The main enriched terms were related to photosynthesis/light reaction and other chloroplast functions (SI Appendix, Fig. S8 ), which is consistent with the regulation pattern of retrograde signaling. From the transcriptome data, we conclude that, under NF treatment, MORF2OX lines regulate nuclear gene expression similarly as gun1-9 and that MORF2OX(s) can phenocopy about one-third of the gun phenotype of gun1-9. Together, these findings indicate that GUN1 and MORF2 have partially overlapped regulation pathways to affect nuclear gene expression during retrograde signaling.
MORF2, but Not GUN1, Interacts with Site-Specificity Factor PLS-Type PPRs. As part of the plastid RNA editosome, PLS-type PPRs bind to specific sequences near an editing site to confer specificity on an editing complex (18, (23) (24) (25) (26) . MORF2 has been reported to interact selectively with some PLS-type PPRs (22, 31) . rpoB-2432, ndhF-290/psbZ-50, and rpoB-338 are four sites that had reduced editing in both gun1-9 and MORF2OX(s), and their associated site-specificity factors are OTP81/QED1 (24, 32), OTP84 (24) , and YS1 (33), respectively. We showed that MORF2 interacted with OTP81, OTP84, and YS1 using a yeast two-hybrid assay (SI Appendix, Fig. S9A ), which was consistent with results published recently (36) . Furthermore, we confirmed these interactions in plants using BiFC (Fig. 4) , LCI assays (SI Appendix, Fig. S9B ), and coimmunoprecipitation of MORF2 with OTP81, OTP84, and YS1 followed by mass spectrometric analysis (SI Appendix, Fig. S3D ). Moreover, we found that GUN1 did not interact with OTP81, OTP84, or YS1 directly either in yeast (SI Appendix, Fig. S9C ) or in plants (SI Appendix, Fig. S9D ).
Plastid RNA-Editing Profile Changes Are Related to the Expression of Nuclear Genes. To investigate more connections between RNA editing and retrograde signaling, we analyzed the RNA-editing profiles and gun phenotypes of otp81, otp84, and ys1 single and triple mutants under NF treatment. In the otp81 mutant, editing levels of seven sites were reduced compared with wild type (SI Appendix, Fig. S10 ). Among these, only the rpoB-2432 site exhibited reduced editing in both otp81 and gun1 mutants. The otp84 mutation affected four editing sites (SI Appendix, Fig. S10 ) in which editing levels of ndhF-290 and psbZ-50 were reduced in both otp84 and gun1 mutants. The rpoB-338 site was not edited in the ys1 mutant (SI Appendix, Fig. S10) , while its editing level was down-regulated in gun1 mutants. Editing levels of 13 sites were affected in the otp81otp84ys1 triple mutant, of which the ndhD-878, rpoC1-488, ndhF-290, psbZ-50, and rpoB-338/2432 sites had similar regulation patterns between otp81otp84ys1 triple and gun1 mutants (SI Appendix, Fig. S10 ).
We further assayed the gun phenotypes of otp81, otp84, and ys1 single and triple mutants under NF treatment. The expressions of LHCB1.2, CA1, and LHCB2.2 were up-regulated over twofold in otp81 and otp84 single mutants compared with wild type. RNA levels of LHCB1.2 and CA1 in the ys1 single mutant also showed an over twofold up-regulation (Fig. 5) . These results indicated that otp81, otp84, and ys1 single mutants had very weak gun phenotypes. In the otp81otp84ys1 triple mutant, expressions of all retrograde signaling marker genes were up-regulated over twofold compared with wild type, except for LHCB2.2, which increased only ∼1.6-fold (Fig. 5) . Moreover, the expression levels of LHCB1.2, PLASTOCYANIN, CA1, and CP12 in the otp81otp84ys1 triple mutant were relatively higher than in the single mutants, indicating that the otp81otp84ys1 triple mutant had a stronger gun phenotype than the single mutants (Fig. 5) . These results indicate that loss of function of OTP81, OTP84, and YS1 could partially disrupt retrograde signaling and that the editing of certain sites may be related to the expression of nuclear genes. The widespread impact on RNA editing may be important for the strong gun phenotype of gun1 mutants and MORF2OX(s) lines. 
Discussion
The chloroplast is a sensory organelle, and so signals triggered by environmental stimuli or by biochemical changes in chloroplasts can regulate nuclear gene expression via retrograde signaling pathways (2) (3) (4) . However, the molecular mechanism of how signals are relayed from organelles to the nucleus in response to stress remains one of the least understood signaling pathways in plants, even though it is of fundamental importance. In this study, we reveal an unexpected function for GUN1 in regulating the efficiency of plastid RNA editing through direct interactions with MORF2 in retrograde signaling. Our studies also provide evidence that MORF2 plays a role in retrograde signaling.
We have demonstrated that gun1 mutations affect RNAediting levels of 11 sites in plastids (Fig. 1A) , supporting a broad role for GUN1 in regulating RNA-editing efficiency. Transcriptome data showed that, in NF-treated gun1-9 seedlings, the genes for gun1 mutation-affected sites associated PLS-PPRs and broad-effect plastid RNA-editing factors were not differentially expressed, except for CRR22 and CRR28 (SI Appendix, Table S1 ). The only overlap between gun1 mutation-affected and CRR22-or CRR28-associated sites (25, 30) was rpoB-551, ndhB-467, and ndhD-878. Moreover, the crr22 mutation also affected the editing of ndhB-746 and ndhD-887 (25, 30) , but the gun1 mutation had no effect on the editing of these two sites (SI Appendix, Fig. S1B ). Based on these observations, changes in RNA-editing efficiency in gun1 mutants does not seem to be caused by secondary effects of changes in gene expression in retrograde signaling. Although we do not have data to exclude the possibility that the gun1 mutation affects protein levels of RNA-editing factors, GUN1's role in RNA editing appears to be a direct one through its interaction with MORF2 (Fig. 1C) .
However, the editing efficiency of only 11 sites was affected by gun1 mutation under NF treatment, indicating the selective recruitment of GUN1 to target RNAs. Moreover, some gun1 mutation-affected editing sites had higher editing levels and others had lower editing levels compared with wild type, suggesting that additional unknown components are required to determine the editing activity at different sites. A similar observation has been reported for another RNA-editing regulator, PPO1 (31) . The questions of why GUN1 is recruited to affect RNA-editing efficiency in response to stress, and how this specific recruitment is organized, deserve further studies.
MORF proteins have been shown to form both homo-and hetero-dimers among each other, and they selectively interact with PLS-type PPRs (22, 31, 36, 37) , suggesting that MORFs play a key role in assembling specific protein complexes at different RNAediting sites (36) . In addition, monomers or multimers of other MORFs may be able to partially substitute for MORF2 (23) . As GUN1 is a short-lived protein and accumulates under stress that involves retrograde signaling (15) , it is possible that the binding of GUN1 to MORF2 affects the multimerization of MORFs or the incorporation of MORF2 into RNA editosomes to regulate RNA editing activity. GUN1 may add a level of regulation that finetunes plastid RNA-editing efficiency under stress conditions. MORF2 overproduction may partially mimic the loss of function of GUN1 also by affecting the multimerization of MORFs.
Our data suggest a possible link between retrograde signaling and RNA editing. GUN1 is a integrator of multiple retrograde signaling pathways and is also required for regulation of RNAediting efficiency during retrograde signaling. Under NF treatment, MORF2OX(s) altered RNA-editing levels for multiple sites and had a strong gun1-like gun molecular phenotype (Figs. 2 and  3 ), suggesting that MORF2 is also involved in retrograde signaling. However, the fact that the gun phenotype of MORF2OX(s) was weaker than gun1-9 indicates that the MORF2-activated retrograde signaling explains only part of the GUN1-dependent samples. The y axis shows the relative expression level of marker genes, and their expressions in Col-0 are set to one. The PPI2 gene is the negative control. Data are mean ± SEM (three biological replicates). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant, two-tailed Student's t test.
retrograde signaling pathways. We also showed that the single and triple mutants of OTP81, OTP84, and YS1 also have very weak gun phenotypes (Fig. 5) . Together, these observations further suggest a role for plastid RNA editing in affecting nuclear gene expression during retrograde signaling. These editing-level changes in plastid RNAs appear to affect nuclear gene expression. How might a change in RNA editing trigger a retrograde signaling pathway? Among the editing sites that exhibit similar editing-level changes in gun1-9, MORF2OX(s), and otp81otp84ys1 triple mutant, three are within rpoB or rpoC1 transcripts, which encode subunits of plastid-encoded RNA polymerase (38) . Previous studies have indicated that mutations in sigma factor (SIG) genes, sig2 and sig6, which encode the sigma factors of plastid RNA polymerase, also disrupt retrograde signaling (35) . Therefore, it is possible that changes in RNA-editing levels for rpoB and rpoC1 transcripts ultimately affect activity of plastidencoded RNA polymerase, resulting in abnormal transcription of a specific set of plastid genes. This may be one source of the GUN1-dependent retrograde signaling. Another possible link between retrograde signaling and RNA editing is that improper RNA editing may lead to misfolding and aggregation of corresponding proteins, which would then have to be cleared by a chloroplast protein quality control pathway. This pathway is likely essential, which would explain why we have not found retrograde signaling proteins in our genetic screens (1, (5) (6) (7) (8) . This could also explain why there is not a simple correlation between RNA-editing levels and severity of the gun phenotype. Whether a defect in RNA editing itself can act as a trigger for retrograde signaling remains to be established. Nevertheless, RNA editing is initiated in chloroplasts and leads to posttranscriptional modifications. In different treatments that activate chloroplast signaling that results in gene expression changes, defective plastid RNAediting events have been observed (16, 17) . All these cues indicate the potential of RNA editing as one of the perception signals in retrograde signaling. Continued biochemical analysis of proteins involved in RNA editing and retrograde signaling will help resolve the connections between these two fundamental processes.
Materials and Methods
Plant materials and growth conditions, analysis of RNA editing, yeast two-hybrid, BiFC, and LCI assays, plant transformation, coimmunoprecipitation, mass spectrometric analysis, gun phenotype assay, RNA-sequencing analysis, and mutant genotyping are described in SI Appendix, SI Materials and Methods.
